Abstract-This paper addresses the design of a model-based event-triggered strategy based on Sliding Mode Control (SMC), so that the overall proposal can be regarded as a networked control scheme. The objective is to reduce to a minimum the number of transmissions of the plant state over the network, in order to alleviate delays and packet loss induced by data transmission traffic. The key idea consists in using the actual system state or a suitably updated model state within the control law, depending on the magnitude of the sliding variable. More specifically, the model state is used within a boundary layer of the sliding manifold, so that a pseudo-equivalent control can be determined. This latter is continuous, which implies an intrinsic chattering alleviation capability of the proposed strategy. The designed networked scheme is assessed in simulation with satisfactory results.
within a boundary layer of the sliding manifold, while outside, the actual plant state is required to close the feedback. This means that, when the sliding variable belongs to the boundary layer, no state measurement transmission is required. SMC has a number of positive features [18] , [19] . However, the implementation of SMC law can cause the notorious chattering phenomenon [20] [21] [22] [23] , i.e. high frequency oscillations of the controlled variable due to the discontinuity of the control law. Several methods have been developed in the literature to reduce chattering, such as Filtered Sliding Mode Control (FSMC) and Boundary Layer Control (BLC), [20] , [24] [25] [26] .
Because of the model-based nature of the present proposal, in our case it is possible to implement a chattering alleviation strategy which appears to be intrinsic in the scheme. When the feedback relies on the model state, i.e., within the boundary layer, taking advantage of the use of the nominal model state, which is not affected by uncertain terms by definition, a pseudo-equivalent control is analytically computed by using the best available information of the plant, and applied in place of the discontinuous law. The latter is continuous, which implies a chattering alleviation. Note that the continuous control is called pseudo-equivalent, since it is computed relying on the nominal model, and differs from the theoretical equivalent control [18] because of the absence of the matched uncertain term.
The robustness and stability properties of the proposed scheme are discussed in the paper. Finally, simulation results are presented to show the effectiveness of the proposed strategy based on the sliding mode with pseudo-equivalent control (SMC pseq ), in comparison with the cases in which, independently of the fact that the actual plant state or the model state is used to close the feedback, a first order SMC strategy, a FSMC or BLC are applied.
The paper is organized as follows. Some preliminary issues are discussed in Section II. The problem is formulated in Section III. In Section IV the proposed solution is described, while in Section V is theoretically analyzed. The simulation results are presented in Section VI, and Section VII reports the conclusions.
II. PRELIMINARY ISSUES
Consider the nonlinear uncertain dynamics
where x ∈ R n is the state vector, u ∈ R is the control variable, σ : R n → R is a smooth output function, denoted as sliding variable which will be specified in the following, while f (·) and b(·) are known smooth functions. Moreover, h(·) is an uncertain function representing the matched disturbances such that
with u m being the matched input variable. It is also assumed that h is bounded such that
with h max being a positive value. In the following, the dependence of all the variables on x and on t is sometimes omitted, when it is obvious, for the sake of simplicity. For the readers' convenience, some element of basic sliding mode control theory are hereafter reported, along with a brief overview of the two major chattering alleviation approaches published in the literature.
A. Sliding Mode Control
Sliding Mode Control (SMC) is a nonlinear control approach able to guarantee good performance in terms of robustness with respect to matched parameter variations and disturbances, for nonlinear dynamic systems [19] .
According to the sliding modes control theory [18] , [19] , the state trajectories of the system are forced to reach a suitably specified sliding manifold σ = 0 in finite time. When the system state belongs to the sliding manifold and evolves in such a way to reach to the desired equilibrium point, then a sliding mode is enforced.
The sliding manifold can be made attractive by selecting, for instance, a discontinuous control law of the following type
where U max > 0 is a design parameter which must be selected in order to satisfy the so-called η-reachability condition
with η being a positive constant [18] , [19] . Different forms are allowed for the sliding variable. In this paper, we adopt the conventional linear form, i.e.,
where m i , i = 1, . . . n − 1 are positive constants.
B. Filtered Sliding Mode Control
The use of the SMC law in (4) can produce, because of unmodelled dynamics or discrete time implementation, the undesirable effect called chattering [26] , [27] . In the literature, several solutions have been proposed to reduce this phenomenon. An approach which appears quite natural is the so-called Filtered Sliding Mode Control (FSMC) [28] which is based on the equivalent control approach proposed by Utkin in [18] . The concept of equivalent control is well-defined only in sliding mode. Thus, when σ = 0, the equivalent control u eq can be found by posingσ = 0, i.e., with reference to system (1), and the sliding variable (6),
Indicating with u eq the solution with respect to u of (7), one has
which depends on the unknown term h(x,t). Yet, in [18] , it is proved that, in sliding mode, u eq coincides, after a transient, with the so-called average control u av , obtained by filtering the discontinuous control signal in (4) with a first order low-pass filter
where µ is a suitable time constant.
C. Boundary Layer Control
The Boundary Layer Control (BLC) [29] is a strategy obtained by defining a boundary layer Ω in the neighborhood of the sliding manifold σ = 0
where φ sat is a small positive constant. The control aim is to force the system state to reach Ω and therein remain. To this end, the discontinuous control law in (4) is modified by replacing the sign function with the saturation function, i.e.
where φ sat is the boundary layer width, which must be chosen taking into account a trade-off between robustness of the controlled system and chattering alleviation.
III. PROBLEM FORMULATION
Now, assume that the control scheme we can rely on is that indicated in Fig. 1 . In such a scheme, the Plant is described by equation (1), and what is denoted with the term smart sensor is a sensor fastened to the plant, equipped with some computation capability. In particular, it measures the plant state, ∀ t ≥ t 0 , t 0 being the initial time instant, it determines the sliding variable σ , then it checks if the triggering condition |σ | < ε (12) with ε being a small positive constant, is verified. If this is the case, no state transmission is performed, so that the control law needs to be generated relying on a suitable model of the plant. In our case, we adopt a nominal model where, with respect to (1), the uncertain term is dropped, i.e.,   ẋ
wherex ∈ R n is the state of the model, the control variable is assumed to be the same fed into the plant, andσ : R n → R is the sliding variable of the model defined according to (6) aŝ
Note that, in Fig. 1 , the notation x/∅ means that the actual state or no variable is received over the network, depending on condition (12) . Moreover, note that, in this paper, we consider the presence of the network on the feedback, without a specific mathematical model, while the network presence is assumed to be negligible on the direct path between the controller and the process. This is reasonable in a SISO sliding mode control framework, since the control variable to be transmitted is just a real number while the state has dimension n, possibly large. Note that, in principle, if the control amplitude U max were stored in the actuator, only a bit needs to be transmitted to indicate the sign of the control. Then, with reference to (1)- (13) , and to the control scheme in Fig. 1 , the problem faced in the present paper is that of making the sliding variable associated with the controlled system ultimately bounded, allowing the amplitude of the convergence boundary layer to be arbitrarily set. In this boundary layer an approximability property, according to which the actual plant state evolution remains close to that of the nominal model state, has to be guaranteed. Moreover, the overall control strategy has to be of networked type, guaranteeing a significant reduction of the state transmission with respect to conventional configurations.
IV. THE PROPOSED SOLUTION
The proposed control strategy switches between two different operating modes.
Mode 1: The smart sensor, as depicted in Fig. 2 , provides to the triggering condition block the actual state of the plant. This block, relying on the measured state x, computes the sliding variable σ , referring to equation (6) , and verifies the triggering condition (12) . If the latter is violated, the actual state x is sent over the network and the nominal model of the plant, contained in the model-based controller detailed in Fig. 3 , is suitably reinitialized. In this case, the controller computes the SMC law in equation (4), which is sent to the plant and also fed into the nominal model. Note that, in Fig. 3 , the notation ∅/x means that the state of the model is used if the actual state has not been received through the network. (12) is verified, the smart sensor does not send the actual state x over the network. In this case, the state of the nominal modelx is used to compute the sliding variableσ . Note that, since the nominal model in (13) is a priori known, one can claim that a sort of equivalent control [18] , hereafter named pseudo-equivalent control, can be analytically defined by posingσ = 0, i.e,
Indicating with u pseq the control law u solving (15), one has
which, in our case, differs from the theoretical equivalent control because it does not take into account the dependence on the matched unknown terms.
V. STABILITY ANALYSIS
In order to address the stability properties of the proposed control strategy, the following definitions are introduced.
Definition 1: Ω ε {x(t) : |σ (t)| < ε} is the convergence boundary layer.
Definition 2: Cl(Ω ε ) is the closure of Ω ε , i.e., the set Ω ε with all its limits points.
Definition 3: Cl(Ω ε ) is a closed δ -vicinity of Cl(Ω ε ), i.e., the set {x(t) : |σ (t)| ≤ δ , δ > ε}.
Then, the following results can be proved. Theorem 1: Given the plant (1)- (3), with the nominal model (13) , assume that the control strategy is active and the control laws (4) and (16) are applied, depending on the triggering condition (12), ∀ t ≥ t 0 . Then, the sliding variable σ in (6) is ultimately bounded in Cl(Ω ε ).
Theorem 2: Given the plant (1)- (3), with the nominal model (13) , assume that the control strategy is active and the control laws (4) and (16) are applied, depending on the triggering condition (12), ∀ t ≥ t 0 , and chattering occurs. Then, the sliding variable σ in (6) is ultimately bounded in Cl(Ω ε ).
Theorem 3: Given the plant (1)- (3), with x(t 0 ) ∈ Ω ε , with the nominal model (13) , assume that the control strategy is active and the triggering condition (12) is always verified. Then, there exists a positive number λ such that x(t) − x(t) ≤ λ , ∀ t ≥ t 0 . In this section, an academic example of mechanical nature, i.e., a pendulum, as illustrated in Fig. 4 , is presented.
VI. ILLUSTRATIVE EXAMPLE
Let x 1 and x 2 be the angular displacement θ and its first time derivativeθ , respectively, then the dynamics of the plant is the following
where, with reference to system (1),
Moreover, note that g =9.81 m s −2 is the gravitational acceleration, l =0.6 m is the length of the inextensible massless pendulum, M =0.1 kg is the load mass, while u is the control torque. The presence of a matched unknown term h = bu m is considered, and this is such that |h| ≤2.25 rad s −2 (see Fig. 5 ). Furthermore, the nominal model is
The standard Euler solver, with numerical integration step τ i =0.001 s and simulation time T s =30 s, has been used during tests with initial condition, both of the plant and of the (12) has been fixed to ε =0.05. Then, the sliding variable has been chosen of the following type
with m 1 =1, while the SMC parameter in (4) is selected as
The proposed strategy based on Sliding Mode with pseudoequivalent control (SMC pseq ) (21) has been compared with the cases in which, independently of the fact that the actual plant state is sent through the network or the model state is used, a first order SMC strategy, a FSMC or BLC are applied. In order to evaluate the closed-loop performance, we have considered five indices defined as follows: i) the root mean square (RMS) value of the plant state, x RMS ; ii) the RMS value of the sliding variable, σ RMS ; iii) the effort of control variable, E c ; iv) the percentage of updates of the actual state, n up ; v) the number of the sign changes of the sliding variable, 5545 n pn . They are computed as follows
where f up (·) is a flag equal to 1 when the actual state is sent through the network, f pn (·) is a flag equal to 1 when [σ (τ i )σ (τ i−1 )] < 0, while n s is the number of integration steps during simulations. Moreover, x ji , σ i and u i are the j-th component of the state vector, the sliding variable and the control variable of the i-th integration step, respectively. Fig. 6 illustrates the natural (autonomous) evolution of the system, to be compared with the time evolution both of the plant state and of the model state steered to the origin, illustrated in Fig. 7 . In Fig. 8 the updates of the actual state when the matched uncertainties are present and the triggering condition is violated, is shown. This is also a measure of the occupation of the network. Fig. 9 reports the behavior of the sliding variable both of the plant and of the nominal model. Fig. 10 shows the control Table I . In order to better compare the controllers, the corresponding relative values, normalized with respect to the worst results, are shown in Table II and Fig. 11 . Note that, in all cases, the Pe rformanc e I ndi c e s (%) value is obtained when BLC is used. The best control method, in terms of number of updates n up , is provided by SMC. However, the use of SMC pseq allows to obtain a reduction of 99.44% of the number of the sign changes of the sliding variable with respect to SMC law, while the best performance is offered by BLC. Finally, although the slight performance degradation of SMC pseq with respect to BLC, in terms of sign changes of the sliding variable n pn (0.49%), the proposed strategy ensures better performance in terms of packet rate reduction (27.54%).
VII. CONCLUSIONS
In this paper, a model-based event-triggered control strategy based on Sliding Mode Control is presented. The proposed scheme enables to send the actual state measurements over the network only when a suitably defined triggering condition is violated, so as to avoid delays and packet loss induced by data transmission traffic. The use of Sliding Mode approach allows to guarantee a robustness property of the controlled system with respect to matched uncertainties based on an approximability feature, discussed in Theorem 3. Moreover, taking into account the use of the nominal model within the pre-specified convergence boundary layer, a sort of equivalent control, called pseudo-equivalent control in the paper, is applied to reduce chattering, giving to the overall proposal a chattering alleviation capability. The proposed networked strategy is theoretically analyzed. Finally, a simulation example of mechanical nature is discussed, showing satisfactory performance.
